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A multiscale analysis is performed to estimate the thermomechanical behavior of a column-type support post used in
particle accelerators to sustain cryomagnets. First, the eﬀective thermoelastic properties of a unidirectional composite
material are computed for temperatures ranging between 1.9 and 293 K using a periodic homogenization method. Next,
computed curves are used to model the thermoelastic behavior of a global representative volume element of the braided
fabric composite. Finally, the thermoelastic behavior of the support in real working conditions is estimated using results
previously obtained. For both unidirectional composite and braided fabric composite, a good agreement is obtained
between estimated and measured values at several temperatures.
 2007 Elsevier Ltd. All rights reserved.
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Cylinder-type support posts of the Large Hadron Collider (LHC) are used to sustain and achieve thermal
insulation of cryomagnets. Their thermal and mechanical requirements dictate the choice of materials
(Mathieu et al., 1996). One example of a performance index used is the ratio between the thermal conductivity
and the elasticity modulus which must be low. For temperatures ranging between 1.9 and 300 K, it appears
that the ratio is higher for metallic materials than for composite ones. Consequently, organic composite mate-
rials are an attractive alternative to metals for the design of the support posts in order to reduce the cooling
costs. The supports used are composed of epoxy resin and glass ﬁbres (GFRE: Glass Fibre Reinforced
Epoxy). Fibres are braided in order to obtain a triaxially braided fabric composite with a longitudinal yarn
and two braided yarns at ±45.
The thermomechanical behavior of these supports strongly depends on the ﬁbres, resin and ﬁbre/matrix
interfaces. As each yarn contains thousands of 6–9 lm diameter ﬁbres, the computational size of the full-scale
problem exceeds the capacity of any available computational system.0020-7683/$ - see front matter  2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijsolstr.2007.03.013
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decreases. This method consists in decoupling the study of the behavior on associated geometrical scales: sup-
port post (Fig. 1a), braided fabric composite (Fig. 1b), yarn microstructure (Fig. 1c) and Representative Vol-
ume Element (RVE0) of yarns (Fig. 1d).
In order to estimate the thermomechanical behavior of the supports by using this multiscale approach, the
problem is separated into two parts. The ﬁrst one deals with the heat transfer within the composite. This anal-
ysis and the ensuing results have been published in a previous paper (Alzina et al., 2006). The second one deals
with the thermoelasticity problem and is the purpose of this paper.
The eﬀective mechanical properties of a braided fabric composite have been studied by various authors
using analytical models (Du et al., 1991; Lee et al., 1996). However, these models are eﬃcient only for
simple composites. In the case of a triaxial braided fabric composite, the mathematical description of yarn
geometry is very diﬃcult to obtain and consequently it is preferable to use numerical models based on the
ﬁnite element method. By coupling these models with homogenization methods (Chung et al., 2001; Das-
gupta et al., 1996), the mechanical behavior of a braided fabric composite is estimated with a high degree
of accuracy.
Yarn behavior is often compared to that of unidirectional composites. In the literature, these eﬀective
mechanical properties are estimated using simple models such as mixing law (Berthelot, 2005) or more com-
plicated models such as energy (Hill, 1964) and homogenization (Sanchez-Hubert and Sanchez-Palencia, 1992;
Ene, 1983) methods.
In Section 2, the thermoelastic properties of ﬁbres and resin are analyzed as a function of temperature.
These components constitute a unidirectional composite whose behavior is estimated using a periodic homog-
enization method with an asymptotic expansion of the displacement ﬁeld. The theoretical development is
described in Section 3 by taking into account the non-linear evolutions of Young’s modulus and the thermalFig. 1. Scheme of the multiscale method: (a) support, (b) braided fabric (c) yarn microstructure and (d) RVE.
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elasticity moduli and thermal strains at yarn and braided fabric composite scales. The results obtained are
compared to the experimental results in Section 5. In the ﬁnal section, the thermomechanical behavior of sup-
port posts under real working conditions is estimated by using the results of thermoelastic and thermal
analyses.
2. Thermoelastic properties of components
2.1. Properties of the E-glass ﬁbre
E-glass ﬁbre is an isotropic material with strong covalent bonds between atoms. These bonds induce good
mechanical properties in three dimensions. Indeed, its strength and its stiﬀness are, respectively, 3.2 GPa and
70 GPa at 4.2 K. Moreover, these values are practically independent of the temperature (Hartwig and Knaak,
1984).
The thermal strain of the ﬁbre is also quite independent of the temperature and consequently, can be
expressed as a function of the thermal expansion coeﬃcient af which is about af  4.8 · 106 K1.
2.2. Properties of the epoxy resin
Epoxy resin is an isotropic material but unlike the E-glass ﬁbre, its thermoelastic behavior is strongly
inﬂuenced by the temperature. When temperature decreases, the resin becomes more brittle but also stiﬀer.
Its elasticity modulus increases threefold for temperatures between 293 and 4.2 K (Hartwig and Knaak,
1984). Fig. 2 illustrates the evolution of this modulus as a function of temperature. This ﬁgure shows that
the elasticity modulus increases in a non-linear way when temperature decreases.
The thermal strain of the resin also strongly depends on the temperature (Hartwig, 1988). Fig. 3 exhib-
its a non-linear relation between the two parameters and the thermal strain reaches almost 1.2% at
4.2 K.
By taking into account the strong inﬂuence of the temperature on the thermoelastic properties of the epoxy
resin, the equivalent thermoelastic behavior of a unidirectional composite using a periodic homogenization
method can be estimated. This model takes into account the non-linear evolution of the elasticity modulus
and the thermal strain of the epoxy resin for temperatures ranging between 2 and 293 K. Developments are
presented in the following section.Fig. 2. Elasticity modulus of the epoxy resin as a function of temperature (Hartwig and Knaak, 1984).
Fig. 3. Thermal strain of the epoxy resin as a function of temperature (Schwartz, 1988).
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3.1. Deﬁnition of the problem
In order to analyze the thermoelastic behavior of a braided fabric composite, the behavior of a yarn must
ﬁrst be studied. Locally, yarn can be considered as a unidirectional (UD) composite with a high ﬁbre ratio.
Since a UD composite behaves like a periodic structure, a periodic homogenization method with asymptotic
expansion of displacement ﬁeld is applied. The UD composite X can be modelized by a perfect three-dimen-
sional microperiodical composite referring to the cartesian coordinate system x ¼ ðx1; x2; x3Þ with a character-
istic dimension L and a boundary oX (see Fig. 4). Xm and Xf refer to the resin and ﬁbre volumes, respectively.
The interface is noted oXfm. The characteristic dimension l associated to the periodic Representative Volume
Element (RVE0) Y is very small compared to L, that is: ¼ l
L
 1 ð1Þwhere  is a scale ratio which is approximately 103 in the present analysis.
In the static case, by neglecting volume forces, equilibrium equations are written as:orij
oxj
¼ 0 in Xf [Xm ð2ÞFig. 4. Representation of a unidirectional composite.
6846 A. Alzina et al. / International Journal of Solids and Structures 44 (2007) 6842–6859where r is the stress tensor associated to the displacement vector u by the following thermoelastic equation:rij ¼ Cijklðx; T Þ½eklðuÞ  ethermkl ðx; T Þ ð3ÞC(x*, T) is the symmetrical tensor of stiﬀness depending on temperature T, etherm is the thermal strain tensor
and eklðuÞ is the strain tensor deﬁned by:eijðuÞ ¼
1
2
oui
oxj
þ ou

j
oxi
 !
ð4ÞAt the ﬁbre/matrix interface oXfm, the hypothesis of continuity of displacement and stress vectors is
applied:uf j ¼ umj on oXfm ð5Þ
rf ij n
f
j ¼ rmij nfj on oXfm ð6Þwhere nf is the normal directed towards the outside of Xf. Let us now introduce the following dimensionless
variables:y  x

l
and x  x

L
ð7ÞThis change of variable implies that Eq. (2) is homogenizable if and only if the parameter ethermkl ¼ OðeÞ (Auria-
ult and Ene, 1994). In the following, this condition is assumed to be satisﬁed.
The thermoelasticity problem in a unidirectional composite becomes:Find u such that
orij
oyj
¼ 0 in Xf [Xm
rij ¼ Cijklðy; T Þ½l1eklyðuÞ  ethermkl ðy; T Þ
eijyðuÞ ¼ 12
oui
oyj
þ ou

j
oyi
 
uf j ¼ umj on oXfm
rf ij n
f
j ¼ rmij nfj on oXfm
Dirichlet boundary conditions on oX
8>>>>>>><
>>>>>>>>:
ð8ÞIn the following, this system is solved by using a ﬁnite element method. Consequently, a weak formulation of
the problem is introduced and presented in the following subsection.
3.2. Weak formulation of the problem
Multiplying Eq. (2) by the strain tensor e(v) associated to test displacement vector v, applying the ﬁrst
form of the Green theorem (Rocha and Cruz, 2001) and introducing Eqs. (3)–(6), the weak formulation asso-
ciated to the thermoelasticity problem becomes:Find u 2 H 10ðXÞR
Xf[Xm C

ijkl½l1eklyðuÞ  ethermkl eijyðvÞdV ¼ 0 8v 2 H 10ðXÞ
(
ð9Þwhere H 10ðXÞ is the space, with homogeneous boundary conditions on oX, of all the test functions for which
both the function and its derivative are square integrable over X. In order to obtain weak formulations at
microscopic and macroscopic levels, a two-scale asymptotic expansion method is developed in the following
subsection.
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The displacement vector u and the test displacement vector v are searched in the form of an asymptotic
expansion, expressed in terms of parameter  and space variables x and y:uðyÞ ¼ uðx; yÞ ¼ u0ðx; yÞ þ u1ðx; yÞ ð10Þ
vðyÞ ¼ vðx; yÞ ¼ v0ðx; yÞ þ v1ðx; yÞ ð11ÞAs stiﬀness and thermal strain tensors depend on temperature T, a Taylor expansion with respect to temper-
ature T0 is carried out:Cijklðy; T Þ ¼ Cijklðy; T ðx; yÞÞ ¼ C0ijkl ð12Þ
ethermkl ðy; T Þ ¼ ethermkl ðy; T ðx; yÞÞ ¼ etherm0kl ð13Þwhere components of C0 and etherm0 are Y-periodic andC0ijkl ¼Cijklðy; T 0Þ
etherm0kl ¼ethermij ðy; T 0ÞExpressions (12) and (13) are developed at order 0 since the contribution of temperature ﬂuctuations (T1) to
elasticity moduli and thermal strains is supposed negligible.
Now, the objective is to introduce relations (10)–(13) in formulation (9). The derivative operator
oui
oyj
¼ ouioyj þ 
oui
oxj
is applied and terms of the same power are collected. Thus with terms of order 0, Eq. (9)
becomes:Z
Xf[Xm
Cijkle
0
klyðu0Þe0ijyðv0ÞdV ¼ 0 ð14ÞThe solution of this system highlights the fact that u0 is independent of microscopic space variable which gives:u0ðx; yÞ ¼ u0ðxÞ ð15Þ
By collecting terms of order 1, Eq. (9) becomes:Z
Xf[Xm
C0ijkl½l1ðeklyðu1Þ þ eklxðu0ÞÞ  etherm0kl ðeklyðv1Þ þ eklxðv0ÞÞdV ¼ 0 ð16Þwhereeklxðv0Þ ¼ 1
2
ov0i
oxj
þ ov
0
j
oxi
 !
ð17ÞThis new variational formulation can be separated into two equations associated to each scale. In the next
section, the formulation at microscopic scale is developed. It allows the microscopic variables to be
determined.
3.4. Variational formulation at the microscopic level
Let us choose v0 = constant, then Eq. (16) becomes:Z
Xf[Xm
C0ijkl l
1 eklyðu1Þ þ eklxðu0Þ
  etherm0kl eklyðv1ÞdV ¼ 0 ð18ÞParameter x is only present in the term eklx(u
0), so that by linearity, solution vector u1 of Eq. (18) is searched in
the following form:u1 ¼ emnxðu0ÞvmnðyÞ  luðx; yÞ ð19Þ
where vectors vmn(y) and u(x, y) are Y-periodic.
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and Cruz, 2001), variational formulations of the thermoelastic problem at the microscopic level are obtained:Find vmn 2 H 1perðYÞR
Yf[Ym C
0
ijkl½dmkdnl þ eklyðvmnÞeijyðv1ÞdV ¼ 0 8v1 2 H 1perðYÞ
(
ð20ÞandFind u 2 H 1perðYÞR
Yf[Ym C
0
ijkl½etherm0kl þ eklyðuÞeijyðv1ÞdV ¼ 0 8v1 2 H 1perðYÞ
(
ð21Þwhere H 1perðYÞ is the space, with periodicity boundary conditions on oY, of all the functions for which both
these functions and their derivative are square integrable over Y. In order to estimate the equivalent properties
of the UD composite, solutions to the previous problems are introduced in the macroscopic formulation.
3.5. Variational formulation at the macroscopic level
Let us choose v1 = v1(x) in Eq. (16). By using Eq. (19) and the periodicity property, the homogenized equa-
tion of the thermoelastic problem is obtained:Z
X
CeffijmnðT 0Þ½l1emnxðu0Þ  ethermeffmn eijxðv0ÞdV ¼ 0 ð22ÞwhereCeffijmnðT 0Þ ¼
1
jYj
Z
Yf[Ym
C0ijkl½dmkdnl þ eklyðhimnÞdV ð23Þ
ethermeffmn ðT 0Þ ¼
½CeffijmnðT 0Þ1
jYj
Z
Yf[Ym
C0ijkl½etherm0kl þ eklyðuÞdV ð24ÞCeﬀ(T0) and ethermeﬀ(T0) are, respectively, tensors of eﬀective stiﬀness and eﬀective thermal strain of a unidirec-
tional composite. At this step, the theoretical elements necessary for the determination of the equivalent prop-
erties are introduced. Now, the objective is to describe the numerical approach allowing to compute
homogenized tensors Ceﬀ(T0) and ethermeﬀ(T0). In order to establish these tensors, vectors vmn and u are esti-
mated by solving variational formulations (20) and (21) using the ﬁnite element method.
4. Numerical simulations
4.1. At the yarn scale
4.1.1. Periodic cell geometry and mesh
Y domain is discretized with 8-node isoparametric brick elements. This mesh which is carried out using
ANSYS ﬁnite element software, is presented in Fig. 5.
Then, the mesh is exported to the MATLAB software where Eqs. (20) and (21) are implemented.
4.1.2. Discretization of weak formulations
Vectors vmn, u and associated trial vectors v1 are interpolated using the same shape functions Nij, that is:vmn ¼ ½N fvmng
u ¼ ½N fug
v1 ¼ ½N fv1g
ð25Þwhere {vmn}, {u} and {v1} are vectors constituted of nodal unknowns vmni , ui and v
1
i , respectively.
Eq. (25) is now introduced into each term of the variational formulations (20) and (21) which become:
Fig. 5. Mesh of the microscopic RVE.
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Yf[Ym
½BTfC0kgdVþ
Z
Yf[Ym
½BT ½C0½BfvkgdV ¼ 0 ð26ÞZ
Yf[Ym
½BT ½C0fethermgdVþ
Z
Yf[Ym
½BT ½C0½BfugdV ¼ 0 ð27Þwhere [C0] is the stiﬀness matrix and {C0k} the vector associated with column k of this matrix; {etherm} is the
vector associated with thermal strains; [B] is the matrix formed by the derivatives of shape functions.
4.1.3. Application of periodicity boundary conditions
Periodicity boundary conditions are applied to the external edges of domain Y by using Lagrange multipli-
ers. Two linear systems are obtained and solved using an iterative sparse solver (because the matrix is singular)
based on the biconjugate gradient method. Once vectors vmn and u are computed, homogenized tensors
Ceﬀ(T0) and ethermeﬀ(T0) can be estimated by using the following equations derivated from Eqs. (23) and (24):Z½Ceff  ¼ 1jYj Yf[Ym
½Cð½I  þ ½B½vÞdV ð28Þ
fethermeffg ¼ ½C
eff 1
jYj
Z
Yf[Ym
½Cðfethermg þ ½BfvkgÞdV ð29ÞIn the next subsection, these homogenized tensors are introduced in a ﬁnite element model of braided fabric
composite which constitutes the column-type support post of the LHC.
4.2. At the braided fabric composite scale
A braided fabric composite is a periodic structure and consequently it is not necessary to study the whole
structure but only a RVE. This RVE (called RVE1) is modeled with ﬁnite element code ANSYS.
4.2.1. Geometry and meshing of RVE1
The ﬁrst step of this modeling consists in building the geometry and the meshing of the braided fabric. To
this end, a yarn is modeled with a lenticular shape surface which is extruded along a spline. Then, this volume
is meshed with three-dimensional hexahedric elements called solid 45 (see Fig. 6a). This element takes into
account the orthotropy of yarns while deﬁning an element coordinate system based on the edge of the element
which is parallel to the spline. In order to complete the meshing, the RVE1 is ﬁlled with resin. As the resin is
assumed isotropic, solid 45 tetrahedric elements are used (see Fig. 6b).
Fig. 6. Mesh of the braided fabric composite: (a) fabric and (b) RVE1.
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Eﬀective rigidities are estimated by using a homogenization method based on elastic strain energy We
computation:2W e ¼ 1V
Z
V
r:eðuÞdV ¼ hr:eðuÞiV ð30ÞElastic energy is directly calculated with ANSYS software.
By introducing the Hill theorem (Bornert et al., 2001), elastic strain then becomes:2W e ¼ QikEkEi ði; kÞ ¼ 1; ::; 6 ð31Þ
with the following displacement boundary conditions:u ¼ E OM ð32Þ
Q is the tensor of eﬀective stiﬀness, E the strain tensor with constant coeﬃcients, E = (E11,E22,E33,2E23,
2E13,2E12)
T its associated strain vector and OM the position vector which corresponds to node coordinates
belonging to RVE1 edges. Various conditions of loading (21 cases) are chosen in order to nullify these terms.
• Qii (without summation on i) are computed with a ﬁrst set of loads (six cases). It consists in applying
displacements to the edges of the RVE1 so as to have a homogeneous strain in direction ii. As the six
terms Qii (i = 1, . . . , 6) correspond to the diagonal terms of Q, they can be directly estimated from Eq.
(31):Qii ¼ 2W eE2i ð33Þ
whereEi ¼ constant and Ej ¼ 0 for jð6¼ iÞ ¼ 1; . . . ; 6
• Qij (i5 j) are computed with a second set of loads (15 cases). It consists in applying displacements to the
edges of the RVE1 so as to have a homogeneous strain in direction ij. As the ﬁfteen Qij terms correspond to
coupling terms of Q, results for ﬁnding Qii are necessary, so:Qij ¼
2W e  QiiE2i  QjjE2j
2EiEj
ð34ÞwhereEi ¼ constant; Ej ¼ constant and Ek ¼ 0 for kð6¼ i 6¼ jÞ ¼ 1; ::; 6
At this step, the methodology allowing us to estimate eﬀective stiﬀness matrix has been presented. Now, the
objective is to use this matrix in order to compute the eﬀective thermal strain vector of the composite.
4.2.3. Eﬀective thermal strain vector of the composite
The thermal strain vector can be estimated by using the following protocol:
(1) Displacements (u = 0) are constrained at the edges of the RVE1. This type of boundary condition makes
it possible to nullify he(u)iV.
(2) Constant temperature T0 is applied at any point of the RVE1. The following constitutive law is obtained:
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Mecha
Materi
EL (GP
ET (GP
mLT
GLT (GhriV ¼ QheðuÞiV|ﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄ}
¼0
QethermeffðT 0Þ ð35Þ(3) After resolution, mean stresses in the volume are computed:hriV ¼
1
V
Z
V
rdV ð36Þ(4) The following equation allows us to identify the eﬀective thermal strain vector:ethermeff ¼ Q1hriV ðT 0Þ ð37Þ5. Results and comments
5.1. Introduction
This section has two objectives. The ﬁrst is to validate the asymptotic homogenization method when
applied to a thermoelastic problem at cryogenic temperatures and to compare our results with those found
in the literature. The second one is to compare experimental measurements and numerical simulation results
for the braided fabric composite. The results are presented ﬁrst at the level of the yarn and then at the level of
the braided fabric composite.
5.2. Results at the level of the yarn
In order to validate the model described in Section 3 at room temperature, various material properties are
computed and compared with the experimental results of Berthelot (Berthelot, 2005). The unidirectional com-
posite studied consists of 60% of ﬁbres and 40% of epoxy resin. The elasticity modulus and Poisson’s ratio are
set at 73 GPa and 0.22, respectively, for ﬁbres and 3.45 GPa and 0.3 for the resin (Berthelot, 2005). The
mechanical properties of the associated unidirectional composite are presented in Table 1.
Results show that longitudinal modulus EL, transversal modulus ET and shear modulus GLT are in good
agreement with the homogenization model. The diﬀerence between experimental and numerical values does
not exceed 11.5%. The variance for Poisson’s ratio mLT is 20% higher. This can be explained by the fact that
the experimental Poisson’s ratio of the glass ﬁbre is estimated with a bulk glass sample.1
nical properties of unidirectional composite at room temperature
al properties UD composite (experimental) (Berthelot, 2005) UD composite (model)
a) 46 44.9
a) 10 11.3
0.31 0.25
Pa) 4.6 4.55
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are compared with those in the literature. Several authors (Hartwig and Knaak, 1984; Walsh et al., 1995) have
measured longitudinal and transversal moduli at 4.2 and 77 K. The mechanical properties of components used
in this model are those of Section 2. Table 2 summarizes the whole set of results.
According to Tables 1 and 2, it is worth noticing that longitudinal moduli are almost independent of the
temperature. Indeed, the stiﬀness of the composite increases only slightly when the temperature decreases. This
result can be explained by the fact that the longitudinal mechanical behavior of the composite is principallyTable 2
Elasticity moduli of UD composite
Modulus Authors Temperature (K) vf (%) Experimental
modulus (GPa)
Computed
modulus (GPa)
Longitudinal (EL) Hartwig and Knaak (1984) and Walsh et al. (1995) 4.2 60 45 44.8
Longitudinal (EL) Walsh et al. (1995) 77 60 44 44.5
Transversal (ET) Walsh et al. (1995) 4.2 60 21 23.6
Fig. 7. Evolution of elasticity moduli of a UD composite as a function of temperature.
Fig. 8. Evolution of Poisson’s ratios of a UD composite as a function of temperature.
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strongly increases because the behavior of the resin is dominant.
Finally, the model gives reliable results whatever the direction and the temperature. Consequently, it can be
used to estimate the equivalent thermoelastic behavior of the yarn. It is locally identiﬁed with a UD composite
with 80% ﬁbre ratio. Figs. 7–10 show the evolution of various thermoelastic parameters of this composite as a
function of temperature.
In Fig. 7, the evolution of elasticity moduli can be explained in the same way as the longitudinal modulus of
a UD composite. According to Fig. 8, the longitudinal Poisson’s ratio (mLT) is always lower than the transver-
sal one (mTT 0 ). Both are almost independent of the temperature. Shear moduli (see Fig. 9) present similar behav-
iors. In the case of transverse shear, the shear modulus is proportional to the transverse elasticity modulus
because of the quasi independence of the transversal Poisson’s ratio. The evolution of thermal strains as a
function of temperature presented in Fig. 10 is also predictable. Indeed, the longitudinal thermal strain is
lower than the transverse strain. In the latter case, the thermal strain of the resin dominates and is much higher
than that of ﬁbre.Fig. 9. Evolution of shearing moduli of a UD composite as a function of temperature.
Fig. 10. Evolution of thermal strains of a UD composite as a function of temperature.
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5.3.1. Comparison with the experimental results
In order to validate the model of braided fabric composite for various temperatures, the elasticity moduli
are estimated using numerical tensile tests. They are then compared to CERN experimental results at room
temperature (El-Kallassi, 2004) and to Air Liquide ones at cryogenic temperatures (4.2 and 77 K) (Simek,
2004). Table 3 presents results obtained for directions 1 and 3 (see Fig. 6b).
Due to measurement issues (slipping), no modulus has been measured at 77 K. Moreover, no tensile test
was carried out in direction 2, because it corresponds to loading at the thinnest part of the sample (4 mm).
The increase in resin stiﬀness associated with the fall of temperature has a direct impact on that of the
braided fabric composite. Indeed, its stiﬀness in direction 1 doubled during the cooling down from 293 to
4.2 K. In this case, the increase is highest. It is justiﬁed by the fact that in this direction the role of the resin
is more important because there is no yarn crossing the sample, contrary to direction 3.
Finally, whatever the temperature, the model gives satisfactory results in both directions with a relative
error of less than 6.8%. It can be used with boundary conditions presented in Sections 4.2.2 and 4.2.3 so as
to compute the eﬀective stiﬀness and thermal strain of the braided fabric composite. The following section
presents results obtained for several temperatures.
5.3.2. Results of computed eﬀective properties
In this composite, yarns are oriented at 0, ±45 and consequently one can expect the material to have an
orthotropic behavior by analogy with the theory of laminates. To this end, the matrix of eﬀective stiﬀness
Q is inverted so as to obtain the compliance matrix S whose diagonal components, S12, S13 and S23 are com-
pared with those obtained during the inversion of the matrix Q where Q14, Q24, Q34, Q15, Q25, Q35, Q45, Q16,
Q26, Q36, Q46 and Q56 are null. This comparison is carried out for several temperatures ranging between 1.9
and 293 K. The results indicate that the relative diﬀerence between these modules is lower than 0.01% what-
ever the temperature. Consequently, the braided fabric composite is regarded as an orthotropic material
whose evolution of associated engineering moduli and thermal strains are presented as a function of T0 in
Figs. 11 and 12, respectively.
Fig. 11a shows that the E33 component of the stiﬀness tensor is the highest because the direction associated
with this component is the same as that of the yarn at 0. The E22 component has the lowest value due to the
fact that no yarn crosses RVE1 in the associated direction. The E11 component has an intermediate valueTable 3
Elasticity moduli as a function of temperature
Temperature (K) E1 (GPa) E3 (GPa)
Experimental Computed Diﬀerence (%) Experimental Computed Diﬀerence (%)
17.83 24.21
4.2 16.85 16.5 4.3 26.15 23.8 3.4
17.02 23.50
Mean: 17.23 Mean: 24.62
16.04
77 17.66 15.4 6.5 — 23 —
15.68
Mean: 16.46
7.4 18.6
293 8.2 8.07 1 17.7 17.7 4.2
8.4 19.1
Mean: 8 Mean: 18.47
Fig. 11. Engineering moduli of the homogenized braided fabric composite.
A. Alzina et al. / International Journal of Solids and Structures 44 (2007) 6842–6859 6855between E33 and E33. Moreover, one can notice that the evolution of these components in relation to the tem-
perature is similar. The latter remark is also valid for the shearing moduli (Fig. 11c).
By a similar reasoning, one can notice that thermal strain along direction 2 is the highest. It is followed by
the one along direction 1 then along direction 3 (Fig. 12). These three strains, just like those of resin and ﬁbre,
converge to 0 when the temperature tends toward 293 K (reference temperature).
Fig. 12. Thermal strains of the homogenized braided fabric composite.
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6.1. Introduction
The objective of this section is to estimate the thermoelastic behavior of composite supports of cryomagnets
of the LHC in real conditions. To this end, a ﬁnite element model representing the support with its close envi-
ronment is built on ANSYS software. In the ﬁrst paragraph, the geometrical model and its grid are presented.
In the second paragraph the thermoelastic behavior of the support is studied. This study begins with the mod-
eling of a compression test on the support at room temperature. It is followed by a comparison with the exper-
imental results. Lastly, the thermoelastic behavior in compression of the support and in a cryogenic
environment is presented.
6.2. Construction of the model
This support is entirely modeled on ANSYS with shell elements (6 ddl) of type shell 181. The selection of
shell elements is related to the fact that the thickness of the column is much lower than its height (ratio equal
to 53). The geometrical magnitudes of the model and the grid of half of the support are represented in Fig. 13.
In this model, the mechanical properties of ﬁbres and resin were presented in Section 2. While the mechan-
ical properties of steel and aluminum are supposed to be isotropic and temperature dependent (Disdier et al.,
1999).
6.3. Validation of the model
During the transport of the cryomagnets, each support can be compressed by an exceptional vertical force
(F) of 175 kN. The objective of the following computation is to apply this mechanical load to the ﬁnite element
model of the support by applying a temperature of 293 K. Fig. 14 shows these boundary conditions.
After solving the problem, the vertical displacement of the top of the support is estimated then compared
with that obtained in experiments by CASA (Seyvet et al., 2004; Trigo, 2003). Experimental displacement is
measured using a displacement sensor installed as shown in Fig. 14b. The force is applied to a thick rigid steel
plate. Table 4 summarizes the results obtained.
The numerical model overestimates the real displacement by 9.2%. This diﬀerence between the results is
undoubtedly due to the variation in stiﬀness from one support to another and the use of shell elements in
the model which are more ﬂexible than the solid elements.
The equivalent longitudinal elasticity modulus of the support under these conditions is deﬁned by the fol-
lowing relation:
Fig. 13. Geometry and mesh of the support.
Fig. 14. Representation of the mechanical loading in compression of the support: numerical (a) and experimental (b).
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Table 4
Vertical displacement umax of the higher part of the support
Experimental displacement (mm) Numerical displacement (mm)
0.59 ± 2.5% 0.65
Fig. 15. Real load of the support.
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Sumax
¼ 18 GPa ð38Þwhere S = 2.97 · 103 m2 is the section of the cylinder representing the support alone and l its height. Once the
model is validated in compression, the objective then becomes to estimate the vertical displacement of the top
of the support during real loading.6.4. Study of the support under real working conditions
A mechanical load in compression of 125 kN is applied to the upper face of the support. Moreover, a tem-
perature gradient is added (Fig. 15). This non-linear distribution of the temperature ﬁeld was estimated in a
preliminary study (Alzina, 2005). In the ﬁrst simulation, the thermal strain of the various components is not
taken into account so as to determine the equivalent longitudinal elasticity modulus of the support.
After solving, the vertical displacement of the top part of the support is 0.38 mm. By using Eq. (38), we
deduce the equivalent longitudinal elasticity modulus of the support which is 22 GPa. Consequently under real
load, the structure is rigidiﬁed by approximately 22.2%.
In a second simulation, we apply the same boundary conditions as previously by taking into account the
thermal strains of all materials. After solving, the vertical displacement of the top part of the support is
1.08 mm and is lower than the CERN requirements (1.8 mm). This displacement includes the displacement
generated by the mechanical loading (0.38 mm) and the displacement generated by the thermal expansion
which is 0.7 mm. Consequently, thermal expansion is a dominant parameter in the behavior of the support
in real conditions. Moreover, it produces high stresses (rradial  150 MPa) near the steel rings (13) because of
the compression of the support around these rings. However, the values of these stresses have been overesti-
mated, indeed an adhesive epoxy layer (0.2 mm) is localized between these rings and the support. Neverthe-
less, it is very diﬃcult to take it into account for numerical reasons (the elements are too small).7. Conclusion
The thermoelastic behavior of the LHC support post has been studied using a multiscale method. This
study begins with a periodic homogenization using an asymptotic expansion of the displacement vector
A. Alzina et al. / International Journal of Solids and Structures 44 (2007) 6842–6859 6859making it possible to estimate the eﬀective thermoelastic behavior of a unidirectional composite. The use of
such a method made it possible to take into account the strong non-linear thermal dependence of the elasticity
modulus and thermal strain of the epoxy resin. Numerical results were compared and validated by tensile test
results for three diﬀerent temperatures (4.2, 77 and 293 K). Then, the eﬀective properties obtained are used as
parameters in a triaxial braided fabric composite model assuming that the thermoelastic behavior of a unidi-
rectional composite is the same as a yarn. Results from numerical tensile simulations, for the same tempera-
tures previously quoted, are compared then validated with those reported in the literature. This validation
allowed us to use this model with other boundary conditions in order to estimate each component, as a func-
tion of temperature, the eﬀective stiﬀness and the thermal strain matrix of the braided fabric composite.
Finally, these components are used in a ﬁnite element model of the LHC support post so as to estimate its
thermoleastic behavior in real working conditions. Current investigations are focussed on a model based
on the localization method aiming at analyzing the local stresses in a braided fabric composite in a cryogenic
environment. The model takes into account the debonding between the yarns and the matrix which has been
observed experimentally. The scientiﬁc objective of the programme is to study the inﬂuence of this interfacial
debonding on the mechanical strength of the composite.
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